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Reversible Reduction of Oxygen
to Peroxide Facilitated by
Molecular Recognition

Nazario Lopez,* Daniel ]. Graham," Robert McGuire Jr.,* Glen E. Alliger,* Yang Shao-Horn,?

Christopher C. Cummins,* Daniel G. Nocera*

Generation of soluble sources of peroxide dianion (0,%7) is a challenge in dioxygen chemistry.
The oxidizing nature of this anion renders its stabilization in organic media difficult. This Report
describes the chemically reversible reduction of oxygen (0,) to cryptand-encapsulated 0,%".

The dianion is stabilized by strong hydrogen bonds to N-H groups from the hexacarboxamide
cryptand. Analogous stabilization of peroxide by hydrogen bonding has been invoked recently
in crystalline saccharide and protein systems. The present peroxide adducts are stable at room
temperature in dimethyl sulfoxide (DMSO) and N,N"-dimethylformamide (DMF). These adducts
can be obtained in gram quantities from the cryptand-driven disproportionation reaction of

potassium superoxide (KO) at room temperature.

eduction of molecular oxygen to the level
R of peroxide dianion (0,>) is typically

accomplished in chemical and biological
systems in the stabilizing coordination sphere of
a transition metal (/). Such peroxide transition-
metal complexes are important intermediates in
natural oxidation processes (2—4), and they have
long been used as reagents for organic synthesis
(5). We hypothesized that peroxide dianion could
be stabilized alternatively in a molecular envi-
ronment of hydrogen bond donors so arranged as
to completely surround O, with partial positive
charge. A structural basis for peroxide stabiliza-
tion via hydrogen bonding to organic matter has
appeared recently in the context of sodium per-
oxide crystallization with 1,6-anhydro-3-maltose
(6). The reported complex salt of formula
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[Nay(1,6-anhydro-B-maltose),(H,0)3]O, has
a layered structure featuring six hydrogen bonds
that encase each O, ion, with sugar O-H groups
acting as the hydrogen-bond donors. This perox-
ide environment is reminiscent of that determined
for Na,O,+8 H,0, in which chains of edge-connected
[Na(OH,)s]" octahedra are linked together by
O-H--O peroxide/water hydrogen bonds (7). Now,
we show that hexacarboxamide cryptand mole-
cules of a type introduced originally as receptors
for halide ions (8, 9), and investigated by us as
binucleating ligands for transition-metal ions
(10, 11), form soluble 1:1 complexes with peroxide
dianion wherein O,>" resides in a molecular interior
surrounded by six carboxamide N-H hydrogen
bond donors in a trigonal antiprismatic array. The
receptors stabilize peroxide dianion to such an
extent that, if it is present in the same solution,
superoxide (O, ") undergoes disproportionation
to form O, and encapsulated O, thus coupling
the anion receptor molecular recognition phenom-
enon (/2) to an oxidation-reduction process.
Preparation of the cryptand peroxide adduct
can be achieved starting from either superoxide

or O,. Treatment of a slurry of fer-butyl-substituted
hexacarboxamide cryptand (mBDCA-5t-He) with
2.2 equiv of KO, in N,N-dimethylformamide
(DMF) resulted in the formation of the O,>~ adduct
[Ko2(DMF)s][(O2)cmBDCA-5t-Hg] in 74% iso-
lated yield (Fig. 1). Vigorous bubbling was observed
immediately after adding KO,; mass spectrome-
try (MS, fig. S1) establishes that the gas is a result
of O, production from the cryptand-driven dis-
proportionation of O,. The "H nuclear magnetic
resonance (NMR) spectrum (fig. S2) indicates
the formation of a O,>~ adduct in which the amide
chemical shift is in the range of a normal charged
hydrogen bond (NCHB) interaction (/3). The gen-
erality of peroxide dianion recognition was probed
by using the related 3,5-dipropoxyphenoxyl—
substituted hexacarboxamide cryptand (mBDCA-
5p-Hg) (10). Similar large downfield shifts of 'H
NMR signals for N-H [14.69 parts per million
(ppm)] and aromatic protons (10.03 ppm) point-
ing inside the cavity were observed, indicative of
0, encapsulation at room temperature (fig. S3).
The [(O,)cmBDCA-5t-H > adduct can also be
obtained by reducing O, in situ with 2 equiv of
cobaltocene (CoCp,, where Cp is cyclopentadienyl)
in the presence of 1 equiv of free cryptand in
DMF (fig. S4), where the first reduction potential
of CoCp, is coincident with the reduction of
oxygen (fig. S5).

Both cryptand peroxide adducts were char-
acterized by x-ray diffraction studies using sin-
gle crystals obtained by vapor diffusion of diethyl
ether into DMF solutions (Fig. 2 and figs. S6 and
S7). A view down the pseudo-threefold axis of
the adduct indicates that the cryptand adopts a
propeller-like conformation (Fig. 2B and fig.
S7b). The O-O bond lengths of 1.504 + 0.0002
[1.504(2) (number in parentheses indicates the es-
timated standard deviation in the final digit) A for
[Ko(DMF)s][(O2)cmBDCA-5t-Hq] and 14992) A
for (DMF)[K,(DMF)s][(O,)cmBDCA-5p-Hg],
which are comparable to that in ribonucleotide re-
ductase Ib (1.47 A) (/4), in 1,6-anhydro-B-maltose
adduct [1.496(2) A] (6), and in Na,O, (1.49 A)
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(15), are indicative of the peroxide character of
the O, moiety. Both structures reveal identical in-
teractions with O, where the complementarity
of the six amide protons with the six lone pairs
on the peroxide dianion results in N-O distances
in the range of 2.64 t0 2.73 A and 2.63 t0 2.71 A
for [Ko(DMF)s][(O,)cmBDCA-5t-Hg] (table S1)

and (DMF)[K,(DMF)s][(O,)cmBDCA-5p-Hg]
(table S3), respectively, which are indicative of
strong hydrogen bonds (/6). The amide protons
of the present cryptand adducts are directed toward
the lone pairs on the peroxide with N--O-O angles
ranging from 117.7° to 123.8° and from 118.3° to
121.9° for [Ko(DMF)s][(O,)cmBDCA-5t-Hg] (table

2 KO,, DMF A
- O/ ‘ )
ﬁDQ, DMF | NJ
- 02
-K,DDQ
2 CoCp,

. N,
(o) /0 0
A
\_N

excess O,
DM

REPORTS I

S1) and (DMP)[Ko(DMPF)s][(O>)cmBDCA-5p-He]
(table S3), respectively (/7). The aryl protons point-
ing inside the cavity also interact with peroxide, with
C-O distances ranging from 3.16 to 3.23 A and
fiom 3.13 t0 3.18 A for [Ko(DMF)s][(O2)cmBDCA-5t-
Hg] (table S2) and (DMF)[Ko(DMF)s][(O,)cmBDCA-
5p-Hg] (table S4), respectively, distances indicative
of weak hydrogen bonds (/6). Thus, the peroxide
dianion is stabilized by a combination of six strong
hydrogen bonds to six amide protons and six weak
hydrogen bonds to three aryl protons (Fig. 2 and
Table 1).

[K5(DMF)s][(O,)cmBDCA-5t-Hg] is stable in
solution at room temperature for at least 1 month
and remains intact even after heating for 100 min
at 50°C (fig. S8). The molecular recognition of
0, is reversible. Treatment of a solution contain-
ing 1 equiv of [K,(DMF)s][(O,)cmBDCA-5t-Hg]
with 2 equiv of ferrocenium trifluoromethane-
sulfonate (FcOTTf) results in quantitative produc-
tion of free cryptand and ferrocene as indicated by
"H NMR spectroscopy; no oxidation of the cryptand
was observed (figs. S9 and S10). The cryptand flu-
oride adduct (9) is readily obtained through treat-

ment of 1 equiv of [Ko(DMF)s][(O,)cmBDCA-5t-Hg]

Fig. 1. Encapsulation of peroxide dianion through
disproportionation of superoxide (top) or cobaltocene
reduction of O, (bottom) in the presence of hexa-
carboxamide cryptand. Treatment of the product

with the convenient two-electron oxidant and fluo-
ride source, xenon difluoride (XeF,) (18) (figs. S11
and S12). The fluoride adduct, [TBA][(F)cmBDCA-
5t-Hg] (TBA is tetra-n-butylammonium cation),

complex with DDQ oxidatively liberates O,.

Fig. 2. Thermal ellipsoid plots at 50% probability level of [Ky(DMF)s][(0,)cmBDCA-5t-Hy] peroxide
adduct. (A) Side view and (B) view down the pseudo-threefold axis. Potassium ions, non—hydrogen-
bonded hydrogen atoms, and DMF molecules have been omitted for clarity. (C) Side view and (D) view
down the pseudo-threefold axis of cropped cryptand emphasizing the hydrogen-bonding interactions
(dotted lines) with peroxide dianion. C is in gray; N, blue; O, red; H, light blue. Bond distance for

o_operoxide is 1504(2) A.

was independently obtained and structurally char-
acterized (figs. S13 to S15). The fluoride is
hydrogen-bonded to all amide protons and three
aryl protons as is observed for the peroxide adduct.
The behavior of [Ko(DMF)s][(O,)cmBDCA-5t-Hg)
upon chemical oxidation was found to depend on
the nature of the oxidant. No gaseous products were
observed upon addition of 2 equiv of FcOTf to
[Ko(DMF)s][(O,)cmBDCA-5t-Hg]. Although gas
chromatography (GC) and MS revealed substan-
tial CO, and Xe but insignificant O, in the head-
space above dimethyl sulfoxide (DMSO) solutions
of [Ky(DMF)s][(0,)cmBDCA-5t-Hg] after treat-
ment with XeF,, the slow addition of 1.1 equiv
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) resulted in the sole release of O, in 88%
yield as determined by GC (fig. S16) and MS
(fig. S17). Analysis of the reaction mixture by
"H NMR spectroscopy indicates that DDQ?" is
hydrogen-bonded to mBDCA-5t-H (fig. S18);
this interaction can be overcome by the formation
of the fluoride adduct [(F)cmBDCA-5t-Hg]
when 2 equiv of [TBA][F] are added (fig. S19).
Evidence for the release of O, upon oxidation
of [K5(DMF)s][(0,)cmBDCA-5t-Hg] at a glassy
carbon electrode was obtained from a 4.8 mM
solution of cryptand peroxide adduct in DMF
containing 0.1 M [TBA][CIO,4] by using a ro-
tating ring disk electrode, scanning the poten-
tial of the disk, and holding the ring potential
constant (fig. S20). During a potential scan of the
disk electrode, a collection current is observed
only when the ring is fixed to a potential suffi-
cient for O, reduction. In addition, the release of
O, is observed in cyclic voltammograms of the
same solution. Although no features are observed
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during an initial scan to negative potentials, a
reductive wave appears only after oxidation of
the complex at the electrode (fig. S21).

The observed chemical reactivity for revers-
ible peroxide encapsulation is supported by the
electrochemistry of the cryptand in the presence
of oxygen. The reduction of oxygen to O, solv-
ated by large cations such as TBA is reversible in
aprotic solvents (/9). Whereas mBDCA-5t-Hg
shows no redox features from 0.25 to —2.3 V ver-
sus Ag/Ag’, several new features are observed in
the cyclic voltammograms of the cryptand in the
presence of oxygen as shown in Fig. 3A. Upon

scanning cathodically, an additional sharp reduc-
tion wave appears positive of the free-oxygen
reduction wave at ~—1.4 V. The red trace shows
the reversible one-electron oxygen/superoxide
(Oo/[TBA][O5]) couple in the absence of mBDCA-
5t-Hg. On the return anodic sweep, a broad oxi-
dation process is observed, centered at —0.7 V,
in addition to the oxidation of free superoxide
([TBA][O;]) at ~—1.4 V. The current associated
with these new reduction and oxidation waves
increases with increasing concentration of the
cryptand, whereas the oxidation associated with
superoxide ([TBA][O;]) decreases.

Table 1. Selected hydrogen-bonding distances (A) and angles (°).

Donor — — — H---Acceptor D-H H---A D---A D—H---A (°)
N101 — — H101 --02 0.86(2) 1.85(2) 2.692(3) 168(3)
N102 — — H102 --01 0.88(2) 1.83(2) 2.698(3) 169(3)
N201 — — H201 --02 0.87(3) 1.78(3) 2.639(3) 168(3)
N202 — — H202 --01 0.89(2) 1.84(2) 2.708(3) 168(2)
N301 — — H301 --02 0.88(3) 1.87(3) 2.732(3) 168(3)
N302 — - H302 --01 0.87(2) 1.80(2) 2.659(3) 167(3)
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Fig. 3. (A) Cyclic voltammograms measured at a glassy carbon electrode in O,-saturated DMF
containing 0.1 M [TBA][ClO] in the presence of 0.0 mM mBDCA-5t-H, (red), 4.8 mM mBDCA-5t-H, (green),
and 9.6 mM mBDCA-5t-H, (blue) (scan rate of 10 mV/s). (B) Rotating-disk electrode measurements using a
glassy carbon electrode in O,-saturated DMF containing 0.1 M [TBA]J[ClO,] in the presence of 0.0 mM
mBDCA-5t-H, (red), 4.8 mM mBDCA-5t-H, (green), and 9.6 mM mBDCA-5t-H (blue) at 1600 revolutions per
minute (rpm) (scan rate 100 mV/s). (Inset) K-L analysis of rotating-disk electrode data at 2.25 V for 0.0 mM
mBDCA-5t-Hg (red), 4.8 mM mBDCA-5t-H, (green), and 9.6 mM mBDCA-5t-H, (blue). (C) Rotating-
disk electrode measurements using a glassy carbon electrode in DMF containing 0.1 M [TBA][ClO4]
saturated with 1% O, in argon in the presence of 4.8 mM mBDCA-5t-H, at 0 rpm (black), 100 rpm
(red), 400 rpm (green), 900 rpm (blue), or 1600 rpm (purple) (scan rate 100 mV/s). (Inset) K-L analysis
of rotating-disk electrode data at 1.8 V and the expected slopes for n = 1 and n = 2. (D) Cyclic
voltammogram of 9.6 mM mBDCA-5t-H, (black) and simulated cyclic voltammogram (red) using the

mechanistic steps described in Fig. 4.

On the basis of the reaction chemistry de-
picted in Fig. 1, we propose that the new reduc-
tion wave results from the ability of the cryptand
to rapidly sequester O,  formed at the cathode
and facilitate subsequent transfer of a second elec-
tron from either the electrode or another molecule
of O, . The sharp decrease in current responsible
for the shape of the peak is indicative of the rapid
depletion of free cryptand near the electrode, a
phenomenon that is due to the ease with which
the cryptand reacts with O,  and the sluggish
diffusion of free cryptand to the electrode relative
to free O,. As the working electrode potential
decreases further, one-electron reduction of O,
produces a steady supply of O, , which can react
with free cryptand as it diffuses away from the
electrode. Measurements of independently pre-
pared [K5(DMF)s][(O,)cmBDCA-5t-Hg] in argon-
saturated solution show predominant oxidation
at ~—0.7 Vand subsequent reduction at ~—1.4 'V,
which support observations indicating that these
two features correspond to the oxidation of the
cryptand peroxide with concomitant release of O,
and the reformation of [(Oz)cmBDCA-St-HG]Z’,
respectively (fig. S21). Measurements of oxygen
reduction in the presence of tris(2-aminoethyl)
amine (TREN) or 5-tert-butylisophthalic acid (figs.
S22 and S23) show negligible oxidation currents
from ~—1.5 to ~—0.5 V, indicating that the oxida-
tion process at ~—0.7 V is not cryptand-based and
that the cryptand remains intact during the oxygen
redox measurements. Overall, the process is elec-
trochemically irreversible under saturated oxygen.

Rotating-disk electrode measurements further
confirm that the cryptand drives the O, reduction
to a two-electron process. Figure 3B and figs.
S24 to S26 show the rotating-disk electrode re-
sults for increasing concentration of mBDCA-5t-

(i)
+ e
02 + = = 02— +
(ii)]
e G [/
0O, ‘; )
— + e -
(iv)
o, O,

Fig. 4. Proposed mechanism of the reversible
cryptand-facilitated O, reduction to encapsulated
0,°". Simulated standard potentials, rate con-
stants, and equilibrium constants for the elemen-
tary steps labeled i to iv were derived from fits to
the cyclic voltammetry data and are given in ta-
ble S5a.
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Hg and mBDCA-5p-Hg in oxygen-saturated DMF
solution. An increase in the limiting current as
well as decreasing slope of the Koutecky-Levich
(K-L) analysis of diffusion-limited currents (Fig.
3B, inset) is consistent with a greater number of
electrons transferred during reduction of oxygen
in the presence of mBDCA-5t-Hg than the one-
electron reduction process without mBDCA-5t-Hg
(20). A large excess of cryptand is needed in order to
drive the electrochemical process completely to per-
oxide encapsulation during rotating-disk electrode
experiments. K-L analysis of diffusion-limiting cur-
rents as a function of the inverse square root of ro-
tation speed, collected in 0.1 M [TBA][CIO4] DMF
solution saturated with 1% O, in argon with 4.8 mM
mBDCA-5t-Hg (Fig. 3C), indicates that the num-
ber of transferred electrons increases toward an
overall two-electron process, which is expected if
every oxygen molecule was reduced and encap-
sulated by the cryptand.

Figure 3D shows a simulation of the cyclic
voltammogram using the reaction sequence illus-
trated in Fig. 4. The reaction sequence used to
model the electrochemistry concurs with the estab-
lished chemical reactivity of O, and cryptand de-
scribed by Fig. 1. Parameters obtained from the
simulation are collected in table S5, a and b. Our
model suggests that rapid encapsulation of O,
by free cryptand drives further one-electron reduc-
tion, either directly by the working electrode or
through a disproportionation reaction with an-
other equiv of O, ", resulting in the formation of
[(0,)cmBDCA-5t-Hg]*". The assumption that
the diffusion coefficient of O, is much greater
than that of the cryptand species (table S5b) in
DMF containing 0.1 M [TBA][CIO,4] reproduces
the sharp feature observed before the wave
attributed to one-electron reduction of O,. An
appropriate fit for the anodic sweep could only
be accomplished by modeling the oxidation of
[(O,)cmBDCA-5t-Hg]* as a series of two, one-
electron oxidations.

The reversible one-electron reduction of oxy-
gen in DMF is altered by addition of both strong
and weak acids (27). In the case of mBDCA-5t-Hg,
the cryptand could serve as a source of protons.
However, figs. S27 and S28 illustrate that the re-
duction of oxygen in the presence of strong and
weak acids, respectively, differs from oxygen re-
duction in the presence of mBDCA-5t-H; at equal
concentration. These data suggest that the crypt-
and does not serve as a Bronsted acid in the overall
oxygen reduction process.

The electrochemistry of mBDCA-5t-Hg and
mBDCA-5p-Hg in the presence of oxygen is con-
sistent with reduction of oxygen by one electron
to superoxide followed by incorporation into the
cryptand cavity, in turn driving disproportionation
to give the cryptand-encapsulated peroxide ad-
duct. Oxidation of peroxide dianion within the
cavity restores oxygen and the free cryptand lig-
and. The proposed electrochemical mechanism in
Fig. 4 maps on to the observed chemical reactivity
of Fig. 1; the combined chemical and electro-
chemical studies demonstrate encapsulation-driven

chemically reversible two-electron reduction of
O, to peroxide dianion.

We have synthesized a molecular perox-
ide dianion adduct by the use of the cavity of
hexacarboxamide cryptands as a molecular rec-
ognition site. Reduction of oxygen in situ and
stabilization of peroxide dianion is facilitated
by hydrogen bonding within the cavity of the
cryptand, and this process mimics the structural
characteristics of biological systems that use per-
oxide as an oxidant. The use of molecular rec-
ognition of an in situ—generated reactive oxygen
species has the potential to be incorporated into
several technologies, including Li-air batteries,
because it is chemically reversible, prevents over-
reduction to lithium oxide, and imparts substantial
solubility in aprotic media (22). In addition, be-
cause the present peroxide adducts can be obtained
in high yield in a one-pot reaction and are stable in
solution, they could be used as a soluble source
of peroxide dianion for a variety of reactions.
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A Long-Lived Lunar Core Dynamo

Erin K. Shea,™* Benjamin P. Weiss,* William S. Cassata,? David L. Shuster,?> Sonia M. Tikoo,*
Jérome Gattacceca,” Timothy L. Grove,* Michael D. Fuller®

Paleomagnetic measurements indicate that a core dynamo probably existed on the Moon

4.2 billion years ago. However, the subsequent history of the lunar core dynamo is unknown.
Here we report paleomagnetic, petrologic, and “°Ar/°Ar thermochronometry measurements on
the 3.7-billion-year-old mare basalt sample 10020. This sample contains a high-coercivity
magnetization acquired in a stable field of at least ~12 microteslas. These data extend the
known lifetime of the lunar dynamo by 500 million years. Such a long-lived lunar dynamo probably
required a power source other than thermochemical convection from secular cooling of the

lunar interior. The inferred strong intensity of the lunar paleofield presents a challenge to

current dynamo theory.

in samples taken by the Apollo lunar mis-
sions and by spacecraft observations of
the lunar crust has long suggested that the Moon
formed a metallic core and a dynamo-generated

The discovery of remanent magnetization

magnetic field (/). However, the association of mag-
netization with the antipodes of impact basins and
laboratory studies of transient plasma-generated
magnetic fields suggest that meteoroid impacts could
also be a source of lunar magnetization (2, 3).
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